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COLD PERFORMANCE EVALUATION OF A 6.02-INCH RADIAL INFLOW TURBINE 

DESIGNED FOR A 10-KILOWATT SwlFT OUTPUT BRAYTON CYCLE 

SPACE POWEB GENERATION SYSTEM* 

by Milton G .  Kofskey and Donald E .  Holeski 

Lewis Research Center 

SUMMARY / Q  d s - 6  
A 6.02-inch t i p  diameter r a d i a l  inflow turb ine  w a s  designed and fabr ica ted  

under contract  f o r  a space power application with argon as t h e  working f l u i d .  
A cold argon and air performance evaluat ionwas made over a range of pressure 
r a t i o s  and speeds a t  t h e  NASA Lewis Research Center. The experimental i nves t i -  
gat ion consis ted of two phases, t e s t s  i n  argon and air  at a high Reynolds num- 
be r  of 225 000 (approximately four  times design) and t e s t s  i n  argon a t  a design 
Reynolds number of 63 700. 

Resul ts  of t h e  i n i t i a l  inves t iga t ion ,  a t  t h e  Reynolds number of 225 000, 
ind ica ted  t h a t  the  equivalent tu rb ine  performance w a s  e s sen t i a l ly  t h e  same 
using cold argon or  air  as the  working f lu id .  The t o t a l  and s t a t i c  e f f i c i en -  
c i e s  obtained at equivalent design speed and design blade- t o  jet-speed r a t i o  
(0.697) were 0.90 and 0.84, respec t ive ly .  
po;nt --- I - -  - 

equivalent d e c - i ~  s p e d  ~ 2 2  pressfire i . a i i O  ;,as 1.050 pounus per second, whi ch 
i s  i . 2  percent lower than t h e  design value of 1.063 pounds per second. 

These a re  higher than t h e  design 
v C u e 5  of 0.880 and 0 . 8 2 4 ,  respect ively.  &pi val ent. i.Teig:h+ flex zt 

Fina l  t e s t s  were made i n  argon a t  t h e  design Reynolds number of 63 700 i n  
order t o  e s t a b l i s h  the  e f f i c i ency  l e v e l  at t h i s  design Reynolds number value. 
Resul ts  a t  design blade- t o  jet-speed r a t i o  indicated t o t a l  and s t a t i c  e f f i -  
c ienc ies  of 0.88 and 0.83, respect ively.  These values a re  i n  good agreement 
wllrll ~ t :  design point  values of 0.880 and 0.824, respect ively.  Equivalent 
weight flow at  design equivalent speed and pressure r a t i o  w a s  1.040 pounds per 
second, which i s  approximately 2.2 percent lower  than t h e  design value of 1.063. 
This 2.2 percent reduct ion i n  equivalent weight flow r e s u l t s  from viscous losses  
being higher than  those assumed i n  t h e  design of t h e  turbine.  

.,.< 4-7- .LL - 

Comparison of r e s u l t s  obtained a t  high and design Reynolds numbers, with 
argon as t h e  working f l u i d ,  indicated a 2.0 point decrease i n  t o t a l  e f f i c i ency  
and a 1.0 percent reduct ion i n  equivalent weight flow a t  design Reynolds number. 
Comparison of s t a t o r  e x i t  s t a t i c  pressure f o r  t h e  two Reynolds numbers inves t i -  
gated indicated t h a t  t h e  s t a t o r  e f fec t ive  a rea  (as af fec ted  by lo s ses )  w a s  de- 
c reas ing  f a s t e r  than t h e  r o t o r  e f fec t ive  area when the  Reynolds number w a s  
reduced t o  t h e  design value of 63 700. 

J A  
-he r e p o r t  has been revised t o  r e f l e c t  pressure correct ions t o  equivalent 

weight flow f o r  design Reynolds number operation ( f i g .  1 6 ) .  



INTRODUCTION 

The Lewis Research Center i s  cur ren t ly  in t e re s t ed  i n  the  Brayton cycle f o r  
space power systems because it has many f ea tu res  t h a t  make it a po ten t i a l ly  
r e l i a b l e  system. These fea tu res  include use of an i n e r t  gas such as argon as 
t h e  working f l u i d  and single-phase flow through the  system. 

Analytical  s tud ies  (refs.  1 and 2 )  ind ica te  t h a t  t h e  po ten t i a l  of Brayton 
For cycle space power systems i s  very dependent on turbomachinery e f f ic iency .  

example, reference 2 shows the  e f f ec t  of turbomachinery performance on system 
s i z e  and cycle eff ic iency.  This reference shows, t h a t  on t h e  average, a 5 point  
d e c r e x c  5:: tarhize eff ic ienry r e s u l t s  i n  a 30 t o  35 percent increase i n  radia- 
t o r  area and a corresponding 5 t o  10 percent decrease i n  cycle eff ic iency.  'l'hus 
i n  order  t o  minimize r ad ia to r  area and obtain high cycle e f f ic iency ,  t h e  turb ine  
should be designed f o r  maximum eff ic iency.  

I n  view of this po ten t i a l  tu rb ine  performance problem, Lewis i n i t i a t e d  a 
program t o  determine experimentally t h e  performance l e v e l s  of tu rb ines  f o r  
Brayton cycle space power systems. 
argon as the  working f l u i d  w a s  se lec ted  as t h e  reference system. System 
design conditions and assumptions a re  reported i n  reference 3. 

A 10-kilowatt  sha f t  output system using 

One type of turbine t h a t  i s  s u i t a b l e  f o r  t h i s  10-kilowatt  power l e v e l  i s  
t h e  r ad ia l  inflow turbine.  Reference 2 indicated t h a t  t o t a l  e f f i c i e n c i e s  i n  t h e  
range of 90 percent have been obtained f o r  r a d i a l  inflow turbines  using air  as 
t h e  working f lu id .  However, f ac to r s  such as s p e c i f i c  hea t  r a t i o ,  Reynolds num- 
ber ,  and s i z e  can have a l a r g e  e f f e c t  on turb ine  performance. 
r a d i a l  inflow turb ine  w a s  designed and fabr ica ted  under contract  by AiResearch 
Manufacturing Company of t h e  Garrett Corporation i n  order t o  determine t h e  l e v e l  
of turbine e f f ic iency  f o r  tu rb ines  i n  t h e  power l e v e l  being considered. Turbine 
design conditions of pressure,  i n l e t  temperature, and weight flow t h a t  a r e  con- 
s i s t e n t  with t h e  10-kilowatt power l e v e l  system were specif ied.  

Therefore a 

An experimental inves t iga t ion  of t h e  r a d i a l  inflow turb ine  w a s  made at 
Lewis t o  determine turb ine  performance at two l e v e l s  of Reynolds number. 
Tests  were made with air and argon a t  an i n l e t  temperature of 540° R and an 
i n l e t  pressure of 9.4 pounds per square inch absolute t o  determine turb ine  per- 
formance at  a Reynolds number of 225 000. 
provided data f o r  performance comparisons between working f l u i d s  having d i f f e r -  
en t  spec i f ic  heat r a t i o s .  Data were obtained over a range of t o t a l -  t o  s t a t i c -  
pressure r a t i o s  of 1 . 2 2  t o  2.60 and a range of speeds from 40 t o  110 percent 
of design speed. 

The t e s t s  i n  air and argon a l so  

I n  addi t ion,  t e s t s  were made i n  argon a t  i n l e t  condi t ions of 3.40 pounds 
per  square inch absolute and 610° R,  which corresponds t o  t h e  design Reynolds 
number of 63 700 a t  hot design condi t ions.  
a l en t  speed and f o r  a range of t o t a l -  t o  s t a t i c -p res su re  r a t i o s  of 1-40 t o  
1.82. 

Data were obtained at design equiv- 

This repor t  presents design i n f o m a t i o n  and t e s t  r e s u l t s  i n  terms Of spe- 
c i f i c  work, torque, weight flow, and ef f ic iency  i n  equivalent  a i r  values. 
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SYMBOLS 

flow area, sq i n .  

g rav i ta t iona l  constant, 32.174 ft/secZ 

i sen t ropic  spec i f ic  work (based on t o t a l  pressure r a t i o ) ,  f t - l b / l b  

s p e c i f i c  work, Btu/lb 

mechanical equivalent of heat ,  778.029 ft- lb/Btu 

turbine speed, rpm 

s p e c i f i c  speed, NQ1l2/60 (gH ) 3/4 

pressure,  ps ia  

volume flow (based on e x i t  conditions),  f t3/sec 

universal  gas constant, f t - l b / ( l b )  ( O R )  

Reynolds number, w/prt 

radius,  f t  

absolute  temperature, OR 

blade veloci ty ,  ft.,isw 

absolute gas velocity,  f t / sec  

i d e a l  j e t  speed corresponding t o  t o t a l -  t o  s ta t ic -pressure  r a t i o  across 
turbine,  d q ,  f t / s e c  

r e l a t i v e  gas velocity,  f t / s e c  

weight flow, lb/sec 

absolute  gas flow angle measured from axial direct ion,  deg 

r a t i o  of s p e c i f i c  heats  

r a t i o  of i n l e t  t o t a l  pressure t o  U.S. standard sea l e v e l  pressure, 
P ' /P* 
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function of y used i n  r e l a t ing  parameters t o  t h a t  using air i n l e t  con- * 

di t ions  a t  U.S. standard sea l e v e l  conditions, 

s t a t i c  e f f ic iency  (based on t o t a l -  t o  s ta t ic -pressure  r a t i o  across 
turbine)  

t o t a l  eff ic iency (based on t o t a l -  t o  to ta l -pressure  r a t i o  across 
turbine ) 

squared r a t i o  of c r i t i c a l  veloci ty  at  turb ine  i n l e t  t o  c r i t i c a l  veloci ty  
2 a t  U.S. standard sea l e v e l  temperature, (Vcr/VEr) 

gas v iscos i ty ,  l b / ( f t )  ( s ec )  

blade- t o  jet-speed r a t i o  (based on rotor i n l e t  t i p  speed),  Ut/Vj 

torque, in . - lb  

Sub s c r i p t s  : 

c r  condition corresponding t o  Mach number of un i ty  

i d  idea l  

S shroud 

t t i p  

U tangent i all component 

1 

2 

3 

Superscripts : 

s t a t ion  at flow o r i f i c e  (see f i g s .  6 and 7 )  

s t a t ion  at turb ine  i n l e t  ( see  f i g s .  6 and 7 )  

s t a t ion  at turb ine  e x i t  (see f i g s .  6 and 7 )  

absolute t o t a l  state t 
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, * U.S. s tandard sea l e v e l  conditions (temperature equal t o  518.67O R, pres- 
sure  equal t o  14.69 psis) 

inflow turb ine  w a s  designed f o r  a 10-kilowatt s h a f t  output space power system 
with argon as the  working f lu id .  The design point values f o r  t h e  turb ine  are 
as follows: 

Tota l  t o  t o t a l  e f f ic iency ,  -qt . . . . . . . . . . . . . . . . . . . . .  0.880 
Tota l  t o  s t a t i c  e f f ic iency ,  vs . . . . . . . . . . . . . . . . . . . .  0.824 
Total-  t o  to ta l -pressure  r a t i o ,  pB/p3 . . . . . . . . . . . . . . . . .  1.560 

I 
I TURBINE DESIGN BEQUIREMENTS 

Turbine speed, N, rpm . . . . . . . . . . . . . . . . . . . . . . . . .  
Speci f ic  work, Ah, Btu/lb . . . . . . . . . . . . . . . . . . . . . . .  
Weight flow, w, lb/sec . . . . . . . . . . . . . . . . . . . . . . . . .  
I n l e t  t o t a l  temperature, T i ,  OR . . . . . . . . . . . . . . . . . . . .  
I n l e t  t o t a l  pressure,  PA, p s i a  . . . . . . . . . . . . . . . . . . . . .  
Blade- t o  jet-speed r a t i o ,  v . . .  . . . . . . . . . . . . . . . . . .  

$4 Speci f ic  speed, Ns = NQ1/2/60(gH') . . . . . . . . . . . . . . . . .  
Reynolds number, Re = w / p t  . . . . . . . . . . . . . . . . . . . . . .  

38 500 
34.73 
0. 611 
1950 
13.20 
0.697 
0.118 
63 700 

The turb ine  spec i f i c  speed of 0.118 was selert,ed f r n m  t h e  rcqclreiiieiit of 
high turb ine  efficiene;i ar,G Tram csnslderztloii of s p e c i f i c  speed r equ i r e~~en t s  
=f +I.- 

38 500 rprn i s  then obtained from the value of  s p e c i f i c  speed, volume flow based 
on ex i t  conditions,  and i d e a l  spec i f i c  workbased on t o t a l  conditions. 

v l l c  wiripressor for high efficiency. The turb ine  design rOtat1ve speed of 

The following air equivalent (U.S. standard sea l e v e l )  design values were 
computed : 

Equivalent weight flow, w-& ~ / 6 ,  lb / sec  . . . . . . . . . . . . . . .  
Equivalent spec i f i c  work, &/ecr, Btu/lb . . . . . . . . . . . . . . . .  
Equivalent speed, N/&, rpm . . . . . . . . . . . . . . . . . . . . .  22 527 

Equivalent torque, TEfF j ,  in. -1b . . . . . . . . . . . . . . . . . . . .  50.05 

1.063 
11.9 

Equivalent t o t a l -  t o  to ta l -pressure  r a t i o ,  pi/pi  . . . . . . . . . . .  1.496 
Equivalent t o t a l -  t o  s ta t ic -pressure  r a t i o ,  pi/pg . . . - . - 1.540 
Blade- t o  jet-speed r a t i o ,  v . . . . . . . . . . . . . . . . . . . . . .  0.697 

The equivalent  pressure r a t i o s  were calculated from equivalent spec i f i c  work 
i n  air, and t h e  assumption of no change i n  eff ic iency when argon or a i r  is  used 
as t h e  working f lu id .  Rotor i n l e t  t i p  blade speed was used f o r  t h e  calculat ion 
of blade- t o  jet-speed r a t i o .  

5 



Design Velocity Diagrams 

The major tu rb ine  ro to r  dimensions, namely, t i p  diameter, exducer hub- t o  
tip-diameter r a t i o ,  exducer t i p  diameter and t i p  width were obtained from calcu- 
l a t i o n s  involving turbine e f f ic iency  and cor re la t ions  based on t h e  con t r ac to r ' s  
and o ther  r a d i a l  tu rb ine  data. 
conditions of pressure, temperature, weight flow, and speed, veloci ty  diagrams 
were calculated t o  meet t h e  design work requirement. 
s ign  velocity diagrams f o r  conditions j u s t  i n s ide  t h e  blade row. The f igu re  
shows t h e  ro to r  r e l a t i v e  i n l e t  angles t h a t  result i n  minimum r o t o r  incidence 
loaazz.  C z g ~ a s  shew t .hRt .  the  flow w a s  subsonic throughout t h e  turbine.  
Turning through t h e  s t a t o r  w a s  16.40, and turning through t h e  r o t o r  a t  t h e  
50 percent streamline w a s  27.2O. The f igu re  a lso  shows t h a t  t h e  turb ine  was 
designed with approximately zero exi t  whirl. 

With these  major ro to r  dimensions and design 

Figure 1 presents t h e  de- 

TURBINE DESCRIPTION 

S t a t o r  

I n  the design of t h e  s t a t o r ,  t he  blade shape and t h e  number of blades were 
optimized f o r  minimum f r i c t i o n  and mixing lo s ses  by use of boundary l a y e r  tech- 
niques. 

The design resu l ted  i n  1 4  s t a t o r  blades equally spaced of which 13 are 
i d e n t i c a l  t o  each o ther  and one blade i s  s imi l a r  except t h a t  t h e  leading edge 
port ion i s  extended. This one elongated blade blocks t h e  flow from enter ing  t h e  - 

g m a l l  area end of t he  

25.2"T r 7 2 '  

WIW,, -0.176 ' 

UIV,, = 0.580 

32.5" 
WIW,, - 0.331 

V/Vcr - 0.280 

- UIV,, = 0.1% 

(a) Hub; r/rS - 0.347. 

i n l e t  s c ro l l .  

55.6"-, 

&v,vcr = 0.542 

:VUIVcr - 0.516 

67.8"- rVIV,, - 0. 548 
,'VIV,, - 0.533 

Stator inlet 

Stator outlet 

Rotor inlet 

LUIV,, - a  580 4J1vcr a 580 

WIW,, - a 5257, 

' V N c r  0.296 Rotor outlet 

I 4JIVcr - 0.449 
L UIV,, = 0.347 

(b) M Percent streamline; rlr, - 0.772 

Figure 1. - Design velocity diagrams. 

(c) Shroud: rIr, - 1.m. 
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--- Pressure surface 
0 I I I 1 I 

(a) Tip. 

(b) 50 Percent streamline. 

0 . 8  1.6 24 3. 2 4 0  
Distance along meridional streamline, in. 

(c) Hub. 

Figure 2 - Design rotor blade midchannel and blade surface veloc- 
ity distributions. 

Rotor 

I n  t h e  design of the rotor ,  the  
blade shape and t h e  number of blades 
were optimized f o r  low losses .  Sev- 
e r a l  combinations of blade angle 
d i s t r i b u t i o n s  and number of blades 
were used u n t i l  t h e  blade loading 
diagrams were free of excessive ve- 
l o c i t y  decelerations and low or nega- 
t i v e  ve loc i t ies .  S p l i t t e r  vanes a r e  
used over t h e  i n i t i a l  t h i r d  of t h e  
rotor .  The r e s u l t a n t  decrease i n  
loading i s  required at  t h e  hub t o  
prevent low blade ve loc i t ies .  The 
f i n a l  design resu l ted  i n  the r o t o r  
having 11 blades and 11 s p l i t t e r  
vanes. 

Figure 2 shows t h e  design ve- 
l o c i t y  d is t r ibu t ions  f o r  t h e  rotor .  
The f i g u r e  shows t h a t  t h e  exducer 
sect ion w a s  heavily loaded, par t icu-  
l a r l y  at t h e  t i p .  The discont inui ty  
i n  v e l o c i t i e s  a t  the e x i t  of the  
r o t o r  sect ion containing t h e  s p l i t t e r  
vanes r e s u l t s  from the  design method 
no t  beirg &le t o  adjust f o r  f l e w  

operation: however, t.he s h r p  tiis- 
continuity i n  v e l o c i t i e s  does not 
exis t .  

~ " + ~ c z s  i~ t h l ~  reglSiI. Iii actU& 

A photograph of t h e  turb ine  
ro tor  and s c r o l l - s t a t o r  assembly i s  
shown i n  f igure  3. Figure 4 pre- 
sents  a sketch of t h e  turbine giving 

t h e  major dimensions and a sketch of the  s t a t o r  and r o t o r  blades. 

APPARATUS, INSTRUMENTATION, AND PROCEDURE 

The apparatus used i n  t h e  evaluation of t h e  performance of t h i s  turbine 
consis ted of a s u i t a b l e  i n l e t  and exhaust system t h a t  included flow controls ,  
appropriate  instrumentation, and an airbrake, which i s  similar t o  t h e  airbrake 
described i n  reference 4. Figure 5 shows t h e  experimental turbine i n s t a l l a t i o n .  

The arrangement of the apparatus i s  shown schematically i n  f igure  6. 
E i t h e r  high-pressure dry air  from t h e  laboratory air  system or high-pressure 
argon from a t ra i le r  supply can be selected as the  dr iving f l u i d  f o r  the turbine 
by use of t h e  proper i s o l a t i o n  shutoff valves. The f l u i d  was heated by an elec-  
t r i c  h e a t e r  and w a s  f i l t e r e d .  The f l u i d  was then passed through a weight flow 

7 



Figure 3. -Turb ine  rotor and scroll-stator assembly. 

‘ ~ 1 4  Stator blades equally spaced 
(one blade is identical to other 
13 blades except that leading 
edge portion is extended) 

Figure 4. -Turbine stator and rotor. 
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Fiqvre 5. - Experimental t u rb ine  and  amaratus.  

measuring s t a t i o n  that consisted of a ca l ib ra t ed  f l a t - p l a t e  o r i f i c e .  A pres- 
s u r e  con t ro l  valve upstream of t h e  tu rb ine  regulated the  tu rb ine  i n l e t  pressure. 
The f l u i d  after passing through the turb ine  w a s  exhausted i n t o  the labora tory  
low-pressure exhaust system. With a f ixed  i n l e t  pressure, a remotely cont ro l led  

r a t i o  across t h e  turb ize .  
3 - a T . P  v u  5.n the low-pressure exhaust l i n e  w a s  used t o  maintain the des i r ed  pressure  

The r o t o r  axial t i p  clearance w a s  0.019 inch, and t h e  radial t i p  clearance 
of t h e  exducer s ec t ion  was 0.010 inch. 

The power output of the tu rb ine  was absorbed and t h e  speed cont ro l led  by an 
airbrake dynamometer t h a t  w a s  c rad le  mounted on air bearings f o r  torque measure- 
ment. 
s t ra in-gage  load  c e l l .  

The torque-force measurement was made w i t h  a ca l ib ra t ed  commercial 

The r o t a t i o n a l  speed of the turb ine  was measured wi th  an e l e c t r o n i c  counter 
i n  conjunction w i t h  a magnetic pickup and a shaft-mounted gear. Figure 7 shows 
t h e  instrument measuring s t a t ions .  S ta t ion  2, t u rb ine  i n l e t ,  contained the f o l -  
lowing instrumentation: four s t a t i c  pressure taps, one t o t a l  p ressure  probe, 
and one t o t a l  temperature rake containing t h r e e  thermocouples. The t o t a l  pres- 
s u r e  probe and one thermocouple were used only f o r  s e t t i n g  and monitoring the  
t u r b i n e  i n l e t  conditions. S t a t ion  3, turb ine  e x i t ,  contained the following i n -  
strumentation: three s t a t i c  pressure taps  each a t  t h e  inner  and ou te r  w a l l s ,  a 
two-tube probe f o r  flow angle measurement, and a t o t a l  temperature rake contain- 
i n g  t h r e e  thermocouples. One of the three thermocouples w a s  used f o r  monitoring 
the  t u r b i n e  e x i t  temperature. 

9 

A l l  d a t a  were recorded by an automatic d i g i t a l  potentiometer and were 
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F igure 6. - Experimental equipment  

processed through a n  e lec t ronic  d i g i t a l  computer. Experimental data ,  f o r  t h e  
Reynolds number of 225 000 were taken over a range of i n l e t - t o t a l -  t o  exi t -  
s ta t ic-pressure r a t i o s  from approximately 1 . 2 2  t o  2.60. 
t h e  turbine r o t a t i v e  speed was varied from 40 t o  110 percent of design equiva- 
l e n t  speed i n  10 percent increments. 
mately 540° R and t h e  i n l e t  t o t a l  pressure w a s  approximately 9.4 pounds per  
square inch absolute. 
motoring the shaf t  and r o t o r  over t h e  range of speeds covered i n  t h i s  i n v e s t i -  
gation. The turbine was evacuated t o  m i l l i m i z e  windage losses  on t h e  ro tor ,  and 
care w a s  taken t o  simulate the  operating bearing temperatures f o r  t h i s  Study. 
For t h e  high Reynolds number invest igat ion,  a f r i c t i o n  torque value of approxi- 
mately 2.8 inch-pounds w a s  obtained f o r  design equivalent speed. 
torque Values of 2 .8  inch-pounds would represent  approximately 22 percent of 
turbine torque obtained a t  design equivalent speed and pressure r a t i o  f o r  t h e  
design Reynolds number invest igat ion,  modifications were made t o  t h e  s e a l s  and 
lubricat ion system. 

A t  each pressure r a t i o  

The turb ine  t o t a l  temperature w a s  approxi- 

F r i c t i o n  torque of t h e  bearings and seals was obtained by 

Since f r i c t i o n  

The modification consis ted of removing t h e  carbon face s e a l  

10 
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on t h e  side opposite t he  ro to r  ( see  f i g .  7)  and replacing t h i s  s e a l  with a laby-,  
r i n t h  seal.  An o i l  m i s t  l ub r i ca t ion  was used i n  place of t h e  o i l  j e t  system t o  
minimize excess o i l  t o  t h e  bearing. 
t o  approximately 0.70 inch-pound. This amounts t o  approximately 5.6 percent of 
tu rb ine  torque at  design equivalent speed and pressure r a t i o  f o r  t he  design 
Reynolds number invest igat ion.  

F r i c t i o n  torque w a s  reduced from the  2 .8  

The turb ine  w a s  r a t ed  on t h e  bas i s  of t o t a l  e f f i c i ency  and s t a t i c  e f f i -  
ciency. The t o t a l  pressures were calculated from weight flow, s t a t i c  pressure,  
t o t a l  temperature, and flow angle from t h e  following equation: 

I n  t h e  calculat ion of tu rb ine  i n l e t  t o t a l  pressure,  t he  flow angle was assumed 
t o  be zero. 

The performance of t h e  turb ine  a t  t h e  design Reynolds number of 63 700 
(corresponding t o  hot design operation) was obtained i n  t h e  same manner, except 
t h a t  t h e  i n l e t  t o t a l  pressure w a s  approximately 3.4 pounds per  square inch ab- 
so lu t e  and t h e  i n l e t  t o t a l  temperature was approximately 610' R. 
was operated with argon as t h e  dr iving f l u i d  and over a range of t o t a l -  t o  
s ta t ic -pressure  ratios of 1 - 4 0  t o  1.82 at  design r o t a t i v e  speed. 

The turb ine  

RFSULTS AND DISCUSSION 

The r e s u l t s  of t h i s  inves t iga t ion  a r e  presented i n  two sect ions.  The 
f i r s t  section, Performance at  Reynolds Number of 225 000, presents  t h e  r e s u l t s  
of t h e  turbine t e s t s  with air  as w e l l  as argon as t h e  working f lu id .  
t i o n  a l s o  presents a comparison of t h e  turb ine  performance with t h e  two d i f f -  
e ren t  working f lu ids .  
of 63 700, presents  t he  performance of t he  turb ine  a t  the  design Reynolds num- 
ber  (corresponding t o  design hot operat ion)  and includes a comparison with 
r e s u l t s  obtained from the  f i rs t  sect ion.  

This see- 

The second sect ion,  Performance at  Design Reynolds Number 

Performance a t  Reynolds Number of 225 000 

Performance r e s u l t s  a r e  presented i n  f igu res  8 t o  1 2  f o r  t h e  tests made i n  
a i r  and argon. Par t  (a )  of t h e  f igures  shows t h e  r e s u l t s  obtained i n  air, and 
p a r t  ( b )  shows the  r e s u l t s  obtained i n  argon. 
t o  a i r  equivalent da ta  t o  f a c i l i t a t e  d i r e c t  comparison between results f o r  t h e  
two f luids .  Since the  r e s u l t s  obtained i n  argon were e s s e n t i a l l y  t h e  Saae as 
obtained i n  air, discussion of t h e  f igures  w i l l  e s s e n t i a l l y  be l imi t ed  t o  t h e  
da t a  obtained with a i r  as t h e  working f l u i d .  

The argon data has been corrected 

1 2  



. Figure 8 presents  t h e  var ia t ion  of turbine equivalent s p e c i f i c  work output 

The turbine equivalent spec i f ic  work output obtained a t  design 

It may be noted t h a t  at t h e  

This ind ica tes  t h a t ,  a t  

&/Be, with equivalent t o t a l -  t o  s ta t ic-pressure r a t i o  pj/p3 f o r  l i n e s  of 
constant speed. 
equivalent t o t a l -  t o  s ta t ic -pressure  r a t i o  was 1 2 . 1  Btu per pound, which i s  
1 . 6  percent g rea t e r  than t h e  design value of 11.9. 
equivalent design pressure r a t i o  (1.54), turbine work var ied by less than 2 per- 
cent as t h e  speed was varied from 90 t o  110 percent. 
t h i s  pressure r a t i o ,  t he  turbine i s  operating i n  t h e  region where peak e f f i -  
ciency occurs. The f igu re  a l so  shows t h a t  l imi t ing  loading w a s  not reached over 
t h e  pressure r a t i o  range investigated.  

Figure 9 presents  t h e  var ia t ion  of turbine equivalent weight flow 
w ' ~ / 6  with e x i t - s t a t i c -  t o  in le t - to ta l -pressure  r a t i o  p3/pi. The recip-  
roca l  of pressure r a t i o  of f igu re  8 w a s  used t o  spread t h e  weight flow-speed 
curves f u r t h e r  apar t  for comparison purposes. 
s t a t i c -  t o  to ta l -pressure  r a t i o  (0.649) the equivalent weight flow w a s  1.060 
pounds per  second, which i s  within a quarter of 1 percent of t h e  design value 
of 1.063. One of t h e  cha rac t e r i s t i c s  of r a d i a l  inflow turb ines  i s  t h a t ,  a t  
e x i t -  t o  inlet-pressure r a t i o s  near 1.0, weight flow decreases more r ap id ly  
with speed than  it does f o r  a x i a l  flow turbines  because of t he  pressure grad- 
i e n t  produced by cen t r i fuga l  e f f e c t s  i n  t he  ro to r .  

The f igu re  shows t h a t  at  design 

(a) Using cold air as driving fluid. 

1.,0 1.2 1.4 1.6 1.8 2.0 2.2 

(b) Using cold argon as driving fluid. Data corrected to 

b'P3 

equivalent air conditions. 

ratio and sDeed. Figure 8. - Variation of specific work with pressure 
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." 
(a) Using cold air as driving fluid. 

(b) Using argon as driving fluid. Data corrected to equivalent air conditions. 

Flgure 9. - Variation of equivalent weight flow with pressure ratio for lines of constant 
speed. 
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0 4 8 12 16 20 24 28x10' 
N/J&~, rpm 

(a) Using cold a i r  as d r i v ing  f lu id.  (b) Using cold argon as d r i v ing  fluid. Data corrected t o  equivalent 
a i r  conditions. 

Figure 10. - Var iat ion of equivalent t o rque  with equivalent speed and pressure ratio. 
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Blade- t o  jet-speed ratio, v 

Figure 11. - Torque-speed character ist ics US- 
i n g  cold a i r  as d r i v ing  f l u i d  for design pres- 
s u r e  ratio. 

values. Figure l O ( a )  shows t h a t  t h e  equivalent 
torque at  design speed and pressure r a t i o  w a s  
50,8 inch-pounds, which i s  approximately 1.5 per- 
cent greater than  the  design value of 50.05 i n c h  
pounds. The increased equivalent torque value 
coupled with a s l i g h t  decrease i n  equivalent 
weight f low r e su l t ed  i n  t h e  1 .6  percent increase 
i n  turbine equivalent spec i f ic  work as mentioned 
previously. The f igu re  shows t h a t  zero speed 
;orque i s  approximately 1 . 7  times t h e  torque 
Ibtained a t  design speed and pressure r a t i o .  
lamparison of zero speed torque curves of 
igures lo( a)  and ( b )  ( a i r  and argon t e s t s ,  
espect ively)  shows t h a t  higher equivalent 

, x q u e  values were obtained with t h e  t e s t s  i n  

15 
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(a )  Using cold a i r  as d r i v ing  f l u i d  

Figure 12. - Var ia t i on  of static ef f ic iency w i t h  blade- to jet-speed ratio. 

The torque-speed c h a r a c t e r i s t i c  curve i s  mown i n  f igure  

I 

I 
I 
I 

I 

1 
.80 

11, where the  
dimensionless torque parameter 
speed r a t i o .  Cold a i r  t e s t  data  a t  design pressure r a t i o  were used. The curve 
shown d i f f e r s  s i g n i f i c a n t l y  from those of axial  flow turb ines ,  which approximate 
s t r a i g h t  l ines .  The curvature shown by t h e  curve i l l u s t r a t e s  one of the  major 
differences i n  performance between ax ia l  and radial  inflow turbines .  Radial 
turbine veloci ty  diagrams a r e  more s e n s i t i v e  t o  changes i n  pressure r a t i o  and 
speed because of the  cent r i fuga l  pressure gradient i n  the  r o t o r .  This i s  d is -  
cussed i n  reference 5 where changes i n  speed i n  an axial  turbine are compared 
with changes i n  a r a d i a l  turbine.  
point resul ted i n  greater  r o t o r  viscous l o s s e s  i n  t h e  radial turb ine ,  while 
increasing speed resu l ted  i n  grea te r  r o t o r  incidence losses  i n  the  r a d i a l  tur- 
bine. The reference analysis  showed t h a t  i n  the  r a d i a l  machine, e f f ic iency  
decreases more rap id ly  with deviat ion from optimum blade- t o  jet-speed r a t i o  
than i n  the a x i a l  machine. 

q s / v  i s  p lo t ted  against  t h e  blade- t o  j e t -  

Decreasing speed from the  maximum e f f ic iency  

Figures 1 2  and 13 present t h e  s t a t i c  and t o t a l  e f f i c i e n c i e s  of the  turbine 
over t h e  range of turbine blade- t o  jet-speed r a t i o s  invest igated for l i n e s  of 
constant blade speed. These f igures  show t h e  decrease i n  e f f ic iency  as t h e  

1 6  



Blade- to jet-speed ratio, u 
(bl Using cold argon as d r i v ing  fluid. 

Figure 12. - Concluded. 

l - 1 - 2 -  ulaue- -L- ,," jet-speed r&--o deb-i&-fes f r ~ r ~  the des-jgr, T"F&;C 2-f c). 697. 
shows t h a t  a s t a t i c  eff ic iency of 0.84 and t o t a l  eff ic iency of 0.90 were ob- 
ta ined  a t  equivalent design point operation. These values a r e  higher than t h e  
respect ive design point values of 0.824 and 0.880. 

ma Pi m i i n n  
A L L b  J.&OUAb 

A r a d i a l  survey of e x i t  t o t a l  pressure and flow angle was made a t  equiva- 
l e n t  design pressure r a t i o  and speed f o r  the cold a i r  t e s t s .  
(p. 1 9 )  presents  t h e  var ia t ion  of exit t o t a l  pressure with radius r a t i o .  Exi t  
t o t a l  pressure has been divided by the  i n l e t  t o t a l  pressure i n  order t o  elimi- 
n a t e  t h e  e f f e c t s  of s l i g h t  changes of i n l e t  t o t a l  pressure with t i m e .  This f i g -  
ure  shows t h e  ex i t  t o t a l  pressure t o  be reasonably constant across t h e  passage 
with s l i g h t l y  higher values near t h e  walls. 
v a r i a t i o n  of ex i t  flow angle with radius ra t io .  
shown i n  t h i s  f igure.  It shows t h a t  design angle d i s t r i b u t i o n  w a s  not obtained 
and t h a t  t h e r e  was overturning (as indicated by negative e x i t  angles) over most 
of t h e  passage. 
angle d i s t r i b u t i o n ,  w a s  calculated t o  be approximately 8 percent of t h e  t o t a l  

Figure 14(a)  

Figure 14(b)(P.  1 9 )  presents t h e  
Design flow angles are also 

The radial var ia t ion i n  s p e c i f i c  work, as a result of t h i s  

17 



(a) Using cold a i r  as d r i v ing  fluid. 

F igure 13. - Variat ion of total eff iciency w i th  blade- to jet-speed rat io  for  l i nes  of constant speed. 

work. Calculations based on t h e  measured t o t a l  pressure r a t i o  and e x i t  angle 
d i s t r ibu t ions ,  as shown i n  f igure  1 4 ( b ) ,  indicated t h a t  t h e r e  w a s  an approxi- 
m a t e  10 point va r i a t ion  i n  l o c a l  t o t a l  e f f i c i e n c y  from hub t o  shroud. 

A comparison of t h e  tu rb ine  performance with argon and air  as t h e  working 
f l u i d  i s  shown i n  f igu re  15 (p. 20) where t o t a l  e f f i c i ency  i s  p l o t t e d  against  
blade- t o  jet-speed r a t io .  
range of pressure r a t io s .  
r a t i o ,  t h e  t o t a l  eff ic iency w a s  0.90 f o r  t h e  t e s t  i n  argon and i n  air. 
f igu re  a l s o  ind ica t e s  t h a t  t h e  tu rb ine  performance was e s s e n t i a l l y  t h e  same f o r  
both argon and a i r  over t h e  range of pressure r a t i o s  inves t iga ted .  
c lusion can therefore  be drawn t h a t  t h e r e  i s  no s i g n i f i c a n t  e f f e c t  Of spec i f i c  
heat  r a t i o  on turb ine  performance. 
l y t i c a l  inves t iga t ion  of reference 6 ,  which ind ica t ed  no S ign i f i can t  e f f ec t  Of 
spec i f i c  heat r a t i o  on turb ine  performance Over a range of spec i f i c  heat  r a t i o s  

2 of 1 . 2  t o  1-. 
3 

The data shown are f o r  design r o t a t i v e  speed over a 
Figure 15 shows t h a t ,  a t  design blade- t o  jet-speed 

This 

The con- 

This agrees with t h e  r e s u l t s  of t h e  ana- 
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(b) Using cold argon as driving fluid. 

Figure 13. - Concluded. 

(a) Exit total pressure. 

Radius ratio, rlrouter wall 

(b) Exit flaw angle, 

Figure 14. - Variation of exit total pressure and flow angle with 
radius ratio at design point operation in air. 
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TABLF: I. - PERFORMANGE VALUES 
I I I 1 

I I Design l A i r  t e s t s  /Argon t e s t s  
I I I I 

Reynolds nunber, Re 
Total  efficiency, T t  
S t a t i c  efficiency, qs 
Equivalent specif ic  
work, &/B,,, Btu/lb 

E q u i v e n t  weight flow, 
wJB,, E/8 ,  lb/sec 

Equivalent torque, 
T C / 6 ,  in . - lb  

0.880 
0.824 

1.063 

50.05 

225 000 
0.90 
0.84 
12.13 

1.060 

50.8 

225 000 
0.90 
0.84 
12 .oa 
1.050 

50.9 

krgon t e s t s  

63 400 
0.88 
0.83 
11.96 

1.040 

49.2 

I case. 
2.2 percent lower than t h e  design value of 1.063 pounds per second. A reduction 
i n  weight flow with decreasing Reynolds number w a s  a l s o  obtained i n  the  per- 
formance evaluation of a single-stage axial flow turbine reported i n  reference 4. 

Equivalent weight flow at  design Reynolds number and pressure r a t i o  i s  
I 
I 

Figure 16(b)  shows turbine eff ic iency,  t o t a l  and s t a t i c ,  as functions of 
blade- t o  jet-speed r a t i o  f o r  both Reynolds numbers. 
(63  700) ,  the  t o t a l  e f f ic iency  w a s  0.88 and t h e  s t a t i c  e f f ic iency  w a s  0.83. 
These e f f ic iency  values a r e  i n  good agreement with t h e  design point values of 
0.880 and 0.824. 

A t  design Reynolds number 

Comparison of experimentally obtained e f f i c i e n c i e s  f o r  both Reynolds num- 
bers  shows t h a t  the  t o t a l  e f f ic iency  decreased by 2 . 0  points  and t h e  s t a t i c  
e f f ic iency  decreased by 1.0 point when t h e  Reynolds number w a s  reduced t o  t h e  

kion i n  t o t a l  ef'l 'iciency resuLt,s from the redi.ic.t,ion i n  rn-hnr re.act.icn snd 7.Te- 

_ .  A?."< ~*~ "r --,..-I.-- ,ieL,de. Tile p e & e r  reduc.li;fi t i ; tal  zff'ieiency r e ~ - f i i t ~  frorl tl-,e ixeduc- 

lzzlty lev-l. 

'LE 2 L 

I n  order t o  obtain an overa l l  evaluation of turbine performance f o r  the  
range of conditions invest igated,  design point performance r e s u l t s  a r e  given i n  
t a b l e  I along with t h e  values assumed i n  the design of t h e  turbine.  

SUMMARY OF XESULTS 

A 6.02-inch t i p  diameter r a d i a l  inflow turbine was  designed and fabricated 
under contract  f o r  a 10-kilowatt shaf t  output space power system with argon as 
t h e  working f l u i d .  An experimental invest igat ion of the turbine a t  two values 
of Remolds number w a s  conducted with both argon and a i r  as the  working f l u i d s .  

Results of t h e  inves t iga t ion  a r e  presented as follows f o r  operation a t  a 
Reynolds number of 225 000: 

I 
1. 

speed r a t i o  showed t h a t  the  t o t a l  efficiency w a s  0.90 and t h e  equivalent spe- 
c i f i c  work w a s  1 2 . 1  Btu per pound. 
formed b e t t e r  than the  design values of 0.880 and 11.9 Btu per pound. A t  t h i s  
point ,  a s t a t i c  e f f ic iency  of 0.84 w a s  obtained, which i s  s l i g h t l y  higher than 
the  design value of 0.824. 

Cold air  performance of the  turbine a t  design speed and blade- t o  j e t -  

These values show t h a t  the  turbine per- 
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2. Cold air  performance a t  des ign  speed and pressure  r a t i o  showed t h a t  t h e  
equiva len t  weight f low was 1.060 pounds pe r  second, which compares c l o s e l y  wi th  
t h e  design value of 1.063. 

3. Comparison of r e s u l t s  ob ta ined  wi th  argon and a i r  as the working f l u i d  
i n d i c a t e d  no s i g n i f i c a n t  d i f f e r e n c e  i n  t u r b i n e  performance over t h e  range of 
pressure  r a t i o s  and speeds inves t iga t ed .  The conclusion can t h e r e f o r e  be drawn 
t h a t  t h e r e  i s  no s i g n i f i c a n t  e f f e c t  of s p e c i f i c  h e a t  r a t i o  on t u r b i n e  pe r -  
f ormance. 

The fol lowing r e s u l t s  were obta ined  when t h e  t u r b i n e  was opera ted  at de- _.-  7 3 -  L--- -n P V  7nn -.-.cL -.-- _ _  _ _  CL- -.--- ,-:.-- P T . . : ; ~ .  
b1&11 l \ ~ y l l u L U 3  1 1 U I I l U C I  VI UJ IUU W L U L I  a r g w 1 1  a m  U I l C  W " l L L . 1 1 1 6  LIULU. 

1. A t  design speed and blade-  t o  je t - speed  r a t i o ,  t o t a l  and s t a t i c  e f f i -  
c i e n c i e s  were 0.88 and 0.83. These va lues  are i n  good agreement with t h e  de- 
s i g n  values  of 0.880 and 0.824. 

2. A 2.0-point reduct ion  i n  t o t a l  e f f i c i e n c y  was obta ined  a t  des ign  speed 
and b lade-  t o  je t - speed  r a t i o  when t h e  t u r b i n e  ope ra t ing  Reynolds number was 
reduced from approximately 225 000 t o  t h e  design va lue  of 63 700. 

3. An equ iva len t  weight f low of 1.040 pounds per  second w a s  ob ta ined  a t  
equiva len t  des ign  speed and p res su re  r a t i o .  
1.0 percent  decrease from 1.050 pounds p e r  second obta ined  a t  t h e  h i g h  Reynolds 
number. This r educ t ion  i n  weight f low r e s u l t s  from increased  v iscous  l o s s e s  
through the  t u r b i n e  when t h e  Reynolds number was decreased.  Comparison of 
s t a t o r  exi t  p re s su res  f o r  t h e  two Reynolds numbers i n d i c a t e d  that t h e  s t a t o r  
e f f e c t i v e  area (as a f f e c t e d  by l o s s e s )  w a s  decreas ing  fas ter  t h a n  t h e  r o t o r  
e f f e c t i v e  area s ince  t h e  s t a t o r  e x i t  free stream v e l o c i t y  increased  w i t h  de- 
c r eas ing  Reynolds number. 

This amounts t o  a n  approximate 

Lewis  Research Center,  
Nat ional  Aeronautics and Space Adminis t ra t ion,  

Cleveland, Ohio, May 1 9 ,  1965. 
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